Endoderm differentiation and movements are of fundamental importance not only for subsequent morphogenesis of the digestive tract but also to enable normal patterning and differentiation of mesoderm-and ectoderm-derived organs. This review defines the tissues that have been called endoderm in different species, their cellular origin and their movements. We take a comparative approach to ask how signaling pathways leading to embryonic and extraembryonic endoderm differentiation have emerged in different organisms, how they became integrated and point to specific gaps in our knowledge that would be worth filling. Lastly, we address whether the gastrulation movements that lead to endoderm internalization are coupled with its differentiation.
Introduction
Endoderm differentiation and movements are of fundamental importance not only for subsequent morphogenesis of the digestive tract and other internal organs involved in nutrient, gas and waste exchange but also to enable normal patterning and differentiation of mesoderm-and ectodermderived organs. The molecular signaling pathways that specify and pattern the endoderm during gastrulation have not been investigated until relatively recently. In the present article, we ask how signaling pathways are integrated and lead to differentiation of endoderm lineages and their characteristic gastrulation movements in different species. Inevitably, the result of this endeavor must remain quite unsatisfactory since far too many pieces of the puzzle are still missing, and because the unifying principles probably remain to be discovered as to how various endodermal populations relate to each other in different species in terms of developmental fate and the partitioning of essential signaling functions. Nevertheless, we feel that such a comparative approach might be fruitful to develop new models that can be tested experimentally to identify molecular mechanisms of universal importance.
Definition of endoderm
The endoderm is classically defined as the inner germ layer of diplo-and triploblastic animals. Although it is internalized only during gastrulation, its differentiation in many species starts earlier. The main derivative is the epithelial outlining of the primitive gut, which during embryonic development contributes to a number of visceral organs including the digestive tract, and in the adult provides the interior of the body with a protective barrier against the environment. Of note, in all species a portion of the gut epithelium close to its orifices is of ectodermal origin. The fusion between endoderm and ectoderm is yet poorly understood (Dickinson and Sive, 2006) . In contrast to invertebrates, where all endoderm contributes to the embryo, different types of cells have been called endoderm in vertebrates (Fig. 1) . In yolk-rich eggs of vertebrates, the vegetal hemisphere cells will seed the future gut tube epithelium, and include yolk granules that serve as nutrients during development. The yolk remains extra-embryonic and uncleaved in birds and fish (Figs. 1 and 3) .
In amniotes several endoderm-specific genes are expressed before gastrulation in extraembryonic lineages, which initially assume the position and nutritive function of the prospective inner layer. These extraembryonic tissues have also been termed ''endoderm'', even though they eventually do not contribute to embryonic structures, which leads to some confusion (Fig. 1) . In birds, one of these extraembryonic lineages is derived from islands of polyingressing epiblast cells which assemble to form the pregastrulation stage hypoblast layer. The other, termed endoblast (previously known as secondary hypoblast), arises from deep cells in the posterior marginal zone that start moving in antero-lateral direction at the onset of gastrulation closely behind the hypoblast (Bachvarova et al., 1998; Eyal-Giladi et al., 1992) . In mouse, primitive endoderm (PrE) segregates from the inner cell mass (ICM) at the blastocyst stage as a squamous epithelium. Whereas some PrE cells remain attached to the basement membrane of the ICM and differentiate into cuboidal visceral endoderm (VE), others undergo an epithelial-mesenchymal transition to become parietal endoderm (PE). PE cells migrate along the basement membrane of trophectoderm (TE) cells which gives rise to Reichert's membrane of the parietal yolk sac. Until placentation, PE and VE lineages together are responsible for nutrient and waste exchange between maternal tissue and the foetus, a function which in lower organisms is partly fulfilled by the yolk. While these extraembryonic tissues are clearly distinct from the definitive endoderm lineage, we find it appropriate, owing to the characteristics they share with definitive endoderm and to their influence on gastrulation events, to review their ontogeny and critical functions in the process of gastrulation. In rabbits, an interesting mammalian species which is apparently closer to human embryos (flat embryo), there is functional and molecular evidence for an AVE (Knoetgen et al., 1999) . It also shares expression of Cerberus (Cer) and Dickkopf (Dkk) with the mouse AVE and chick hypoblast but the movements remain to be studied as well as its origin (Chapman et al., 2003; Idkowiak et al., 2004) . We have used the mouse as the example of vertebrates as it is the most studied, especially at the molecular level but validation in rabbits regarding the specification of endoderm is still limited.
Endoderm origin and specification
Fate mapping experiments initiated in the first half of the 20th century allowed to locate endoderm precursors prior or during gastrulation. The resulting fate maps are detailed in Figs. 2-4. A few points of comparison can be extracted from the fate maps in different species. With the notable exception of sea urchin, most species spatially segregate ectoderm precursors early from progenitors that give rise to endoderm and mesoderm. Niewkoop's experiments associating vegetal and animal hemispheres of frogs indicated that mesoderm is induced in the animal hemisphere by vegetal cells (Nieuwkoop, 1997) . More recent observations in Caenorhabiditis elegans, sea urchin and zebrafish showed that mesoderm and endoderm derive from bipotential progenitors (Rodaway and Patient, 2001 ). There are several arguments for such a population in other vertebrates: lineage analysis (Nieuwkoop, 1997) (Fig. 2) , coexpression of endoderm and mesoderm markers , and the observation that certain signalling cascades induce both types of cells Reiter et al., 1999; Rodaway and Patient, 2001) . Gastrulation of endoderm and mesoderm often occur synchronously but can be dissociated as for instance in C. elegans (Fig. 2) . In amniotes, the definitive endoderm cells insert into extraembryonic endoderm and push it away (Fig. 4) (Tam et al., 2007) .
In C. elegans and sea urchin endoderm cells are specified prior to gastrulation. In the worm, EMS and E are induced through cell-cell interactions, but the E blastomere separated from other blastomeres makes endoderm in an autonomous fashion ( Fig. 2) (Laufer et al., 1980; Leung et al., 1999; Priess and Thomson, 1987; Schroeder and McGhee, 1998) . Laser ablations that expose the E blastomere to contact with other cells further suggest that E is already determined at the 4-cell stage. However, in the related nematode Acrobeloides nanus, all 4 blastomeres make endoderm when isolated. Thus, cell interactions must repress endodermal fate (Wiegner and Schierenberg, 1998) . Similar cell interactions preventing endoderm differentiation may also exist in chick as epiblast isolated at stage XII and cultured becomes gut irrespective of its original location although this observation has not recently been revisited in the molecular era (Butler, 1935) . In normal development, only the posterior third normally does (Hatada and Stern, 1994) (Fig. 4) . In sea urchin veg2-cell specification depends on autonomous nuclear uptake of b-catenin and an unknown signal from the micromeres at fourth to sixth cleavage (Logan et al., 1999; Davidson, 1993, 1995) . The segregation of veg1 daughters into ectoderm or endoderm occurs relatively late during development and happens randomly, indicating that final cell position is more important than the early cleavage pattern in determining ectodermal and archenteron cell fates (Logan and McClay, 1997) . Similarly in Xenopus (Fig. 3) , Fig. 1 . Detailed organization of endodermal progenitors and extraembryonic endoderm at onset of gastrulation in chick, frog and mouse embryos. Extraembryonic endoderm lineages and the fate of epiblast cells are color-coded. The territories of prospective endoderm, mesoderm and neurectoderm are separated by sharp boundaries only for the sake of simplification. In the mouse, posterior VE is speculated to be the equivalent of the chick endoblast due to its analogous position. Likewise in the proximal epiblast, prechordal plate progenitor cells are predicted to reside in between definitive endoderm precursors and posterior VE in analogy to chick and frog, even though the limited resolution of current fate maps cannot distinguish two separate populations in the mouse epiblast. The homology between hypoblast (chick), AVE (mouse) and deep endodermal cells/Wedge cells in Xenopus is based on molecular and morphological evidence and has been excellently reviewed (Arendt and Nubler-Jung, 1999) . ExE, extraembryonic ectoderm; PE, parietal endoderm; ExVE, extraembryonic visceral endoderm; EmVE, embryonic visceral endoderm. ectopic transplantation of individual blastomeres revealed that vegetal cells are already determined to become endoderm by the beginning of gastrulation (Heasman et al., 1985) . Similar techniques in zebrafish (Fig. 3) show that endodermal cells are determined by early (50% epiboly) to mid-gastrulation Kimmel, 1993, David and . These experiments show that the cells are not only specified but cannot respond to cues from different neighboring cells.
In mouse and chick (Fig. 4) , endoderm determination appears to occur even later as assessed by the ability of cells to insert in endoderm and marker expression. Thus, when grafted to the organizer region of mid-streak stage host embryos, stage-matched donor cells from different positions along the midline differentiate according to their new position in the host . In chick, the anterior streak that produces endodermal cells and mesodermal cells contributes to mesoderm only when grafted more posteriorly in the streak at stage HH4 (last stage of endoderm gastrulation) whereas in the converse experiment posterior streak grafts which normally do not form endoderm do so when grafted in the anterior streak (Kimura et al., 2006) . However, as soon as cells have left the streak, even when captured during their migration, before they insert into endoderm they appear to be determined to form endoderm (Kimura et al., 2006) . The timing of endodermal cell fate determination relative to their gastrulation thus varies among different species.
Molecular control of endoderm differentiation
A comprehensive analysis of the regulatory gene network responsible for endoderm differentiation has been carried out in sea urchin and largely corroborated in Xenopus (Davidson et al., 2002a,b; Loose and Patient, 2004) . Based on these data, the inputs of intrinsic maternal determinants and secreted proteins from other blastomeres appear to be integrated into a complex cell-autonomous transcriptional network. Although this work is the most comprehensive so far about endoderm induction, data from other model organisms suggest that many of the early signals differ while some components in the transcriptional network are conserved. Fig. 5 highlights the most conserved aspects of the network as grey shading.
Divergent maternal signals
There are three families of maternal signals contributing to the initiation of endoderm specification: b-catenin (Catnb), VegT and Otx. Comparisons across species Fig. 2 . Position of endoderm precursors before and during gastrulation in invertebrates. Endoderm precursors are in yellow, mesoderm is red and ectoderm is blue. Arrows refer to cell movements. Cartoons are based on data in Davidson et al. (2002b) , Garcia-Martinez et al. (1993) , Keller (1975 Keller ( , 1976 , Lopez-Sanchez et al. (2001) , Nance and Priess (2002) , Reuter and Leptin (1994) , Schoenwolf and Alvarez (1991) and Warga and Nusslein-Volhard (1999) . In C. elegans, the 20 cells that constitute the gut come from the E-blastomere at the 8-cell stage (Leung et al., 1999; Sulston, 1983) . This blastomere generates endoderm exclusively and is itself derived from EMS, a 4-cell-stage blastomere that contributes to both endoderm and mesoderm. EMS and E initially reside on the surface of the embryo, but eventually become internalized prior to mesoderm at the 28-cell stage. In Drosophila, the endoderm forms the so-called midgut epithelium and develops from anterior and posterior tips of the embryo (Reuter and Leptin, 1994; Technau and Campos Ortega, 1985) . Prospective anterior midgut territories are located ventral and anterior to mesoderm precursors prior to invagination in the ventral furrow. The stomodeum, which is of ectodermal origin, is located more anteriorly and invaginates separately. The proctodeum (also of ectodermal origin) invaginates together with the posterior endoderm that contributes to the posterior midgut. In sea urchin, the endoderm derives from 16 cells at the 6th cleavage stage. At the vegetal pole, the embryo consists of micromeres that give rise to adult mesoderm and skeletogenic cells. A ring of eight cells, the veg2 cells, is located above the micromeres and contributes to endoderm and mesoderm. In contrast, the eight veg1 cells of the next tier above the veg2 cells contribute to endoderm and ectoderm (Khaner and Wilt, 1991; Logan and McClay, 1997) .
suggest a poor conservation of maternal determinants of endoderm formation (see Fig. 5 ).
b-catenin (Catnb)
In sea urchin, initial activation of mesendoderm is triggered by an unknown signal from the micromeres to the parents and grand-parents of veg2 (Fig. 2) as well as autonomous nuclearization of maternal b-catenin in veg2, leading to the activation of the transcription factor Tcf (Fig. 5) Davidson, 1993, 1995) . Tcf amplifies its own expression directly and indirectly via a Krox gene that also activates zygotic orthodenticle homolog (Otx) (Livi and Davidson, 2006 Wang et al., 1996 . Tcf also activates a Krü ppel-like gene which in turn amplifies its own expression in a positive feedback loop, and induces Evenskipped (Eve) (Davidson et al., 2002b; Howard et al., 2001; Logan et al., 1999; Wikramanayake et al., 1998) . The participation of Eve in endoderm induction in other organisms is possible, but the closest vertebrate homolog of Krox, Blimp1, does not seem to be involved in mouse endoderm gastrulation, but perhaps in Xenopus (de Souza et al., 1999; Ohinata et al., 2005; Spyropoulos and Capecchi, 1994; Vincent et al., 2005) .
While b-catenin is clearly involved in endoderm development also in many other species (see below and Fig. 5 ), its maternal contribution to cell fate determination aside from sea urchin has only been documented in Xenopus (Hashimoto-Partyka et al., 2003; Schohl and Fagotto, 2002; Zorn et al., 1999) , Ciona (Imai et al., 2000) and possibly Zebrafish (Bellipanni et al., 2006; Kelly et al., 2000) . Before mid blastula transition, however, nuclear uptake of b-catenin is undetectable both in Xenopus and in the yolk syncytial layer of zebrafish blastulae, and thus may depend on zygotic signals (Jesuthasan and Strähle, 1997; Schneider et al., 1996; Wylie et al., 1996) . Although its activity in endoderm induction is conserved in diploblastic metazoans, is not maternally deposited (Wikramanayake et al., 2003) .
Otx
In sea urchin, Otx is provided both as a maternal and zygotic protein (Fig. 5) . It activates Krox as well as its own expression (Davidson et al., 2002b; Li et al., 1997; Yuh et al., 2004) . Zygotic Otx is induced by b-catenin and is responsible for shutting down further Wnt signaling. In mouse Otx2 mutants, wnt3 domain is expanded suggesting that the feedback may be conserved (Perea-Gomez et al., 2001 ). An Otx homolog in Ciona is also downstream of b-catenin, but its function does not appear to affect endoderm development (Satou et al., 2001) . In vertebrates, Otx2 is expressed in the anterior endoderm, but a maternal function has not been demonstrated Bally-Cuif et al., 1995) . Its inactivation leads to defects in anterior visceral endoderm (AVE) movement and differentiation, but does not affect definitive endoderm (Fig. 4 ) (Perea-Gomez et al., 2001 ). However, double mutants lacking both Otx2 and Cripto (a critical component in the Nodal signaling pathway, see below) fail to form endoderm, and instead generate an excess of mesoderm (Kimura et al., 2001 ). Expression of a Dkk1 transgene has been shown to rescue AVE movement in Otx2 mutants, suggesting that Dkk1 may be an important effector downstream of Otx2, presumably because it helps to confine Wnt signaling to the posterior pole (Kimura-Yoshida et al., 2005) .
VegT
In Xenopus, the localization of the maternal RNA encoding the T-box transcription factor VegT to the vegetal pole is essential for the correct spatial organization and identity of endoderm and mesoderm (Horb and Thomsen, 1997; Zhang et al., 1998) (Fig. 3) . Thus, depletion of Davidson et al. (2002b) , Garcia-Martinez et al. (1993) , Keller (1975 Keller ( , 1976 , Lopez-Sanchez et al. (2001) , Nance and Priess (2002) , Reuter and Leptin (1994) , Schoenwolf and Alvarez (1991) and Warga and Nusslein-Volhard (1999) . In amphibians, the endoderm mainly derives from the vegetal blastomeres until the 16-cell stage (Keller, 1975 (Keller, , 1976 Vogt, 1929) . At the equivalent stage in the ascidian Ciona (Urochordate), the 4 vegetal blastomeres also give rise exclusively to endoderm (Nishida, 1987; Nishida and Satoh, 1983) . In the 32-cell blastula of Xenopus, most endoderm cells come from the 4 ventral blastomeres but there is also some contribution from the row above (Dale and Slack, 1987; Moody, 1987) . Cells that give rise to the archenteron roof later (dorsal endoderm) originate from superficial cells that invaginate at the suprablastoporal lip, whereas the archenteron floor (ventral endoderm) is derived from more ventral superficial cells and from the cone of deep cells extending into the blastocoel. These cells invaginate at the subblastoporal lip (Keller, 1975 (Keller, , 1976 . In zebrafish, endoderm and mesoderm cells originate near the blastoderm margin . Around the 1000-4000 -cellstage, endoderm progenitors arise mostly less than two, but maximally 4 cell diameters away from the yolk. Although most cells give rise to clones in both layers, clones that exclusively give rise to endoderm are more abundant in dorsal and lateral margins (Warga and Nusslein-Volhard, 1999) . Early involuting cells predominantly form endoderm, whereas later involuting cells form more mesoderm .
VegT abolishes expression of all endoderm markers, except for low levels of the SRY-box containing gene 17a (Sox17a) (Clements et al., 2001; Xanthos et al., 2001 ). Sox17 isoforms, Sox7, Bix4, Derrière, endodermin and the homeobox gene Mix1 are likely to be direct targets of VegT (Taverner et al., 2005; Zhang et al., 2005) . VegT also synergizes with b-catenin to activate the nodal pathway (see below), which in turn induces additional endodermal genes Fig. 4 . Position of endoderm precursors before and during gastrulation in amniotes. Endoderm precursors are in yellow, mesoderm is red and ectoderm is blue. Green marks visceral endoderm and grey marks epiblast. Arrows refer to cell movements. PS: primitive streak. Cartoons are based on data in Davidson et al. (2002b) , Garcia-Martinez et al. (1993) , Keller (1975 Keller ( , 1976 , Lopez-Sanchez et al. (2001) , Nance and Priess (2002) , Reuter and Leptin (1994) , Schoenwolf and Alvarez (1991) and Warga and Nusslein-Volhard (1999) . Fate mapping experiments in chick and subsequently mouse led to similar conclusions. The definitive endoderm progenitors are located in the epiblast prior to gastrulation (Bellairs, 1953; Hunt, 1937a,b; Rawles, 1936; Rosenquist, 1971; Rudnick, 1932; Sandstrom, 1934) . At prestreak stages, stages X to stage 3 of Hamburger and Hamilton (HH) (Hamburger and Hamilton, 1951) , endoderm precursors are located in the posterior half of the epiblast in a wing-shaped territory hinged at the posterior midline (EyalGiladi et al., 1992; Hatada and Stern, 1994) . The cells which form the early primitive streak (Stage HH3) originate from a small epiblast region extending anteriorly 200-300 lm from Koller's sickle which is located immediately rostral to the posterior marginal zone (see also Fig. 1 ) (Bachvarova et al., 1998; Callebaut et al., 1996; Wei and Mikawa, 2000) . The cells in Koller's sickle are organized: superficial prospective endoderm overlie deeper prospective prechordal plate (Bachvarova et al., 1998) . Oriented cytokinesis along the antero-posterior axis contributes to streak extension until stage HH3 (Wei and Mikawa, 2000) . Since the fate map of Hatada and Stern (Hatada and Stern, 1994 ) reveals endoderm precursors in more lateral regions of the epiblast before stage 3, these endoderm precursors must converge towards the streak, as suggested by sequential location between stages X and HH3. Between stages HH3-4, endoderm precursors become restricted to the anterior streak and node. In the anterior streak, the most posterior cells tend to give rise to lateral endoderm (future ventral gut tube) whereas the most anterior ones contribute to the medial endoderm (future dorsal gut tube) (Lawson and Schoenwolf, 2003) . By the time the streak has reached its maximal extension at stage HH4+, there appear to be no more endodermal progenitors either in the epiblast, streak or node (Psychoyos and Stern, 1996) . Most of these cells have integrated into the endodermal layer by stage HH4, although the most ventral progenitors of the foregut still reside in the intermediate layer at this stage and integrate into the endodermal layer at stage HH5 (Kimura et al., 2006) . In the mouse, Lawson and co-workers traced the derivatives of the epiblast (Lawson et al., 1991) and outer layer (Lawson et al., 1986; Lawson and Pedersen, 1987) in early and late streak stage embryos (6.7 and 7.5 dpc). As a lineage tracer, they injected horse radish peroxidase into one or two cells linked by cytoplasmic bridges in the epiblast, or into a single cell in the outer layer. Their work demonstrated for the first time that definitive endoderm cells derive from the distal PS and gradually replace the visceral endoderm. Thus, the visceral endoderm is displaced antero-laterally to the extraembryonic region similar to the avian hypoblast, where it eventually becomes the outer layer of the visceral yolk sac. Only the early and mid-gastrula organizer (i.e. the anterior streak) contribute to definitive endoderm, whereas the node region of late streak embryos clearly fails to do so Tam et al., 2004) .
and markers of mesodermal cell fates (Yasuo and Lemaire, 1999) . The stimulatory effect of VegT on Nodal appears to be mediated at least in part by Sox7 (Zhang et al., 2005) . Several candidate VegT homologs have been identified in zebrafish, chick and mouse including tbx6 (Hug et al., 1997; Knezevic et al., 1997) , tbx16 (Ruvinsky et al., 1998) and spadetail (Griffin et al., 1998 ), but do not seem to be involved in endoderm development. Recent experiments have shown that Eomesodermin (Eomes), a maternal Tbox gene, is instrumental in endoderm induction in zebrafish (Bjornson et al., 2005) , although in Xenopus it has been implicated in stimulating mesoderm development (Ryan et al., 1996) . In mouse, genetic inactivation of Eomes results in embryonic failure prior to gastrulation (Russ et al., 2000) . A mouse homolog of the VegT target gene Mix is abolished in Eomes mutants, suggesting a conservation of targets. However, to investigate whether Eomes is directly required for endoderm induction, a conditional allele will be essential.
Three important considerations may be extracted from this cross-species comparison of maternal signals: (1) there is no evidence for a maternal signal triggering endoderm in Amniotes. (2) There are pathways that can be activated maternally or zygotically (b-catenin). (3) For the VegT and Otx signals a large conservation cannot be ruled out and will need to be further investigated.
Signaling between blastomeres 4.2.1. Wnts, conserved signals
In sea urchin, Veg2 cells secrete the wingless-related Wnt8, which not only amplifies the Wnt pathway already activated maternally, but also induces veg1 cells to become endoderm (Angerer and Angerer, 2000 for a review; Minokawa et al., 2005; Wikramanayake et al., 2004) . Target genes of Wnt8 in veg1 comprise Eve and a LIM family gene (Ransick and Davidson, 1998) . A LIM family gene required for endoderm induction is also a Wnt target in Ciona (Satou et al., 2001 ). The Wnt loop progressively increases b-catenin levels above the thresholds needed to activate late endodermal Tcf target genes such as Gatas (encoding GATA binding proteins), Foxa, Brachyury (Bra, direct), Foxb, Hox11 and at least one unknown target (Davidson et al., 2002b) . Whether orthologs of Foxb and Hox11 are involved in endoderm formation in other species is questionable since they do not seem to be expressed in endoderm. The Wnt pathway is, however, not specific for the endoderm lineage but instead induces bipotential mesendoderm progenitors in sea urchin as well as in other species (Davidson et al., 2002b) . Activation of the Wnt pathway is transient and eventually becomes silenced indirectly by the action of Otx (Davidson et al., 2002b; Logan et al., 1999) .
In C. elegans, the Wnt pathway functions reiteratively to form distinct daughters through asymmetric cell division (Maduro et al., 2001 ). Wnt signaling is initially involved in the segregation of daughters of the mesendoderm cell EMS into endoderm (E) and mesoderm (MS) (Fig. 2 ): in MS, the TCF homolog POP-1 represses endodermal genes, whereas it is converted to an activator form by synergistic Wnt and MAPK signals in E (Lin et al., 1998; Maduro et al., 2005b; Maduro and Rothman, 2002; Meneghini et al., 1999; Rocheleau et al., 1997 Rocheleau et al., , 1999 Shetty et al., 2005; Shin et al., 1999) . MOM-1, the Wnt protein specifying E, is only produced by the P2 blastomere adjacent to EMS, explaining why E forms adjacent to P2 (Fig. 2) (Thorpe et al., 1997) . The exact structure of the intracellular pathway and the role of b-catenin homologs remain to be determined.
In the mouse, the Wnt pathway is also important for endoderm induction, in conjunction with Nodal, as detailed below.
Nodal, an endoderm inducer in vertebrates
Insights into the inductive mechanisms underlying endoderm formation in vertebrates initially came from studies in Xenopus using a dominant-negative activin receptor which blocks secreted TGFb-related activities including Activin, Vg1, and Xenopus nodal-related proteins (Xnr). Vegetal pole endoderm explants of embryos injected with this construct express mesodermal and ectodermal marker genes at the expense of the pancreatic endoderm marker Xlhbox8, although the pan-endodermal marker IFABP was unaffected (Henry et al., 1996) . Thus, the authors hypothesized that the choice between certain endodermal and mesodermal cell fates may be controlled by a graded TGFb signal mediated by Vg1 and/or Xnr's. Orthologs of Vg1 have been identified in zebrafish and chick based on sequence similarities (Dohrmann et al., 1996; Helde and Grunwald, 1993; Seleiro et al., 1996; Shah et al., 1997) . In the chick, ectopic expression of Vg1 induces primitive streak formation, apparently by stimulating Nodal expression and signaling (Bertocchini et al., 2004; Skromne and Stern, 2001 ).
However in mammals, a Vg1 homolog has remained elusive, possibly because its function has been assumed by the more distantly related Gdf3 (Chen et al., 2006) . Further analysis of Nodal functions in Xenopus and zebrafish confirmed that mesodermal and endodermal cell fates are specified by different levels of Nodal signaling (Agius et al., 2000; Dougan et al., 2003; Schier et al., 1997; Thisse et al., 2000) . Also in the mouse, Nodal induces both mesoderm and endoderm (Brennan et al., 2001; Conlon et al., 1994; Zhou et al., 1993) , but endoderm populations appear to be selectively lost in embryos carrying a hypomorphic Nodal allele, or gradual reductions in the gene dosage of Smad 2 and 3 (Dunn et al., 2004; Liu et al., 2004; Lowe et al., 2001; Norris et al., 2002) . Conversely, targeted inactivation of the Nodal antagonist Lefty2 leads to excess endoderm formation (Meno et al., 1999) . Thus, it appears that the strength of Nodal signaling must be tightly regulated. Kimura et al., 2006 and Tam et al., 2007) . Yellow marks prospective dorsal foregut endoderm, green marks prospective ventral foregut endoderm, red marks prospective dorsal mid-hindgut endoderm and orange marks prospective ventral mid-hindgut endoderm. The panels on the left show cells in the streak just before migration. All other panels show their emergence in the endodermal layer. Ventral foregut endoderm progenitors shown in green have not been mapped in mouse and in the chick streak. Picture of early streak embryo courtesy of D. Mesnard. Studies in zebrafish suggest that Nodal proteins establish a morphogen gradient to pattern the marginal zone along the animal-vegetal axis, with peak levels specifying blastomeres closest to the margin to form endoderm. In contrast, cells farther away from the Nodal source respond by expressing mesodermal genes, presumably because they are exposed to lower concentrations of Nodal, and/or a shorter duration of signaling (Chen and Schier, 2001) . In light of these findings, it is critical to understand how peak levels of Nodal signaling are generated, and how they can be distinguished by cells fated to form endoderm.
Nodal expression is induced by the canonical Wnt pathway and positive feedback signaling
Among the signals which activate Nodal expression is the Wnt pathway. Mouse embryos lacking Nodal, or b-catenin fail to form a primitive streak Huelsken et al., 2000) , suggesting that the canonical Wnt pathway and Nodal are epistatic, or act in synergy to specify definitive endoderm. Adeno Polymatous Coli (APC) knockout mice, in which b-catenin is constitutively active, have increased mesendoderm populations . Several Wnt genes are expressed before and during gastrulation (Kemp et al., 2005) . Analysis of Wnt null alleles demonstrates that germ layer formation and expression of mesendoderm markers in the mouse depends on Wnt3 (Liu et al., 1999) . At the onset of gastrulation, Wnt3 is initially expressed in the posterior visceral endoderm and proximal epiblast region shortly before prospective mesendoderm cells begin to ingress into the primitive streak. In the absence of Nodal, Wnt3 fails to be induced (Brennan et al., 2001) . Conversely, embryos lacking Wnt3 fail to maintain expression of Nodal (Ben-Haim et al., 2006; Liu et al., 1999) , suggesting that Wnt3 and Nodal mutually activate each other. Thus, the canonical Wnt pathway may promote endoderm formation in mammals primarily by locally stimulating Nodal feedback signaling.
Residual Nodal signaling in Wnt3 and b-catenin mutants indicates that Nodal expression is regulated by additional signals. In Xenopus, b-catenin synergizes with the maternally supplied T-box transcription factor VegT to activate zygotic transcription of Xnr5 and Xnr6 (Takahashi et al., 2000) and to a lesser extent Xnr1 and Xnr2 (Agius et al., 2000; Clements et al., 1999; Hyde and Old, 2000; Takahashi et al., 2000) . Expression of these Xnr isoforms is amplified by positive feedback signaling mediated by the transcriptional co-activator FAST1 and receptor-activated Smads (Kofron et al., 2004a; Osada et al., 2000) . Also in the mouse, peak levels of Nodal expression depend on the homolog of Fast1 (FoxH1), and a FAST binding site in the Nodal regulatory region (Hoodless et al., 2001; Norris et al., 2002; Yamamoto et al., 2001 ). In addition, Nodal signaling is potentiated by GPI-anchored glycoproteins of the EGF-CFC family such as Cripto and Cryptic, or their zebrafish homolog Oep (Schier and Shen, 2000) . Cripto can directly associate with Nodal and its signaling receptor Alk4, suggesting it acts as a Nodal co-receptor (Reissmann et al., 2001; Yeo and Whitman, 2001 ). According to this view, both FoxH1 and Cripto promote mesendoderm formation primarily by stimulating Nodal signaling. Although, recent data suggests that Cripto and its homolog FRL1 in Xenopus also interact with Wnt11 to stimulate activation of b-catenin (Tao et al., 2005) .
Similar to other TGFb family members, Nodal is derived from a precursor protein by redundant proteolytic activities of the subtilisin-like proprotein convertases Furin or Pace4 (Constam and Robertson, 1999) . Embryo explant experiments and analysis of Furin À/À ; Pace4 À/À double mutants suggested that Nodal processing is essential to stimulate autoinduction early after implantation, but that uncleaved Nodal during gastrulation may activate at least a subset of mesodermal markers (Beck et al., 2002; Mesnard et al., 2006) . Confirming this prediction, ablation of the SPC cleavage motif by targeted mutagenesis of the Nodal gene recently has been found to selectively inhibit endoderm, but not mesoderm formation. In these mutants, cleavage-resistant Nodal is only induced after E6.0 in the proximal epiblast, but later is sufficient to stimulate expression of Fgf8 and Bmp4. In turn, Bmp4 induces Wnt3 to amplify Nodal expression and mediate mesoderm induction (Ben-Haim et al., 2006) . In conclusion, endoderm formation seems to depend on two sequential positive feedback loops mediated by Cripto and Bmp4/Wnt3 that are activated by mature or uncleaved Nodal, respectively, to sustain Nodal signaling from implantation throughout gastrulation. According to a recent mathematical model, the choice between mesodermal and mesendodermal fates thus may depend on how long a particular cell and its ancestors have been exposed to Nodal and its effectors, rather than a concentration gradient (Ben-Haim et al., 2006) . Interestingly, maternal oep transcripts deposited in the zebrafish oocyte are sufficient to support mesoderm formation, whereas mesendodermal cell fates rely on zygotic transcription Schier et al., 1997) . This observation is consistent with the idea that also in other vertebrates, endoderm forms in response to prolonged Nodal signaling.
In echinoderms (sea urchin), Nodal expression is induced early at the 60-cell stage and amplified until the blastula stage and morpholinos inhibiting the synthesis of Nodal protein block induction of bra and gsc in oral ectoderm, as well as specification of aboral cell fates. However, while these results implicate Nodal in patterning the oralaboral axis (the equivalent of the dorsal-ventral axis in vertebrates), an essential role in mesendoderm formation has not been demonstrated (Duboc et al., 2004) . Nodal is neither involved in endoderm and mesoderm induction in Ascidian and may not be in Amphioxus (Hudson and Yasuo, 2006; Yu et al., 2002) . It seems possible, therefore, that the role of Nodal in endoderm and mesoderm induction in vertebrates is derived from its basic function in dorso-ventral axis specification. Nodal autoregulation and induction by Wnts/b-catenin functions in echinoderms and must therefore predate chordates.
Network of transcription factors
4.3.1. A core involving GATA and Forkhead transcription factors is conserved in vertebrates and invertebrates 4.3.1.1. GATA factors are expressed in mesendoderm and required for endoderm differentiation. Forkhead transcription factors of the FoxA family and GATA factors are key players of the network in all triploblasts studied so far (Fig. 5) . Several family members are expressed in mesendoderm, endoderm or mesoderm. Their inactivation prevents endoderm formation in several species. In the absence of the Drosophila representative Serpent, the gut contains only ectodermal cells (Rehorn et al., 1996; Reuter, 1994) . Among the 6 vertebrate Gata genes, Gata4, 5 and 6 play partially redundant roles in endoderm development. zebrafish faust mutants lacking Gata5, contain about 60% of the wild type number of endodermal cells (Reiter et al., 1999) . Gata4 (Jacobsen et al., 2002; Soudais et al., 1995) and 6 (Koutsourakis et al., 1999; Morrisey et al., 1998) , but not Gata5 (Molkentin et al., 2000) knockout mice show impaired visceral and definitive endoderm development. In Xenopus, Gata4, 5 and 6 are expressed in endoderm and convert ectomesoderm into endoderm in a redundant manner (Afouda et al., 2005; Gao et al., 1998; Jiang and Evans, 1996; Weber et al., 2000) .
4.3.1.2. Gata genes often function in chains in which they autoactivate and activate each other. In Drosophila, two other GATAs, dGATAc and dGATAe act downstream of Serpent (Lin et al., 1995; Okumura et al., 2005) . Gata6 knock-out mice have reduced Gata4 and endoderm differentiation markers (Morrisey et al., 1998) . The largest set of GATA factors is found in C. elegans, which harbors 7 family members (Patient and McGhee, 2002) . MED-1 and MED-2 are expressed first in EMS and together with POP-1 induce mesendoderm differentiation, but their absence does not completely abolish endoderm induction (Goszczynski and McGhee, 2005) . Another pair, END-1 and END-3 (Zhu et al., 1997 ) is induced by MEDs and subsequently required specifically in endoderm (Maduro et al., 2005a) . Interestingly, the MEDs do not bind a canonical GATA site and it will be interesting to see whether this will hold true for a subset of GATA genes in other species (BroitmanMaduro et al., 2005) . A third pair, ELT-2 and -7, is activated only later . Overexpression of any of these late Gata genes induce ectopic gut. ELT-4 is expressed even later (Shoichet et al., 2000) . In invertebrates, some GATAs have specialized in regulating endoderm differentiation, whereas in vertebrates they control either mesendoderm or mesoderm development. They are not always sufficient to induce endoderm. For instance, Fau/Gata5 induces later endoderm markers such as Sox17, but only in the presence of the Sox family member Cas (see below) (Reiter et al., 2001 ).
4.3.1.3. Heterogeneity in the pathways inducing Gatas. In sea urchin, they are induced by the Wnt pathway, Otx and the Notch pathway via an unknown Hes gene (Harada et al., 1996; Nocente-McGrath et al., 1989; Ransick and Davidson, 1993; Yuh et al., 1998) . In Drosophila this network appears to be regulated by Huckebein, a Zn finger protein acting upstream of Serpent (Bronner et al., 1994) . In Xenopus and in zebrafish, Gata5/fau acts downstream of Nodal Reiter et al., 2001; Rodaway et al., 1999; Weber et al., 2000) .
4.3.1.4. Gatas control genes that account for specific endoderm functions. They control a wide panel of downstream targets, including genes carrying adult endodermal functions. Thus in sea urchin, GataE activates 6 mesendoderm regulatory genes and feeds back into otx2 (Davidson et al., 2002b; Yuh et al., 1998) . In vertebrates, GATA factors have been shown to activate genes involved in adult endodermal cell function (intestinal fatty acid binding protein, hepatic nuclear factor 4/HNF4, gastric H+/K+ ATPase) and in some cases such as albumin bind their promoter (Bossard and Zaret, 1998; Gao et al., 1998; Maeda et al., 1996; Morrisey et al., 1998) . In many systems, members of the GATA family interact with members of the NKX (NK2 transcription factor related) family of transcription factors (Davis et al., 2000; Li et al., 2002; Pare et al., 2001) . In Ciona, Ci-ttf1 is a NKX gene expressed in endoderm downstream of b-catenin, which upon mis-expression induces endoderm (Ristoratore et al., 1999; Satou et al., 2001; Spagnuolo and Di Lauro, 2002) . In addition to its role in differentiation, GATA4 is required for closure of the primitive gut tube along the ventral midline (Narita et al., 1997) .
4.3.1.5. Forkhead factors expression and requirement for endoderm differentiation. Forkhead genes of the FoxA class are also expressed in sea urchin endoderm (Harada et al., 1996) , C. elegans (Horner et al., 1998; Kalb et al., 1998) , Drosophila (Weigel et al., 1989), see urchin (Oliveri and McClay, 2006) zebrafish (Schier et al., 1997; Strahle et al., 1993) , Xenopus, mouse, and chick (Ang et al., 1993; Kaestner et al., 2000; Monaghan et al., 1993; Odenthal and Nusslein-Volhard, 1998; Sasaki and Hogan, 1993) . Their inactivation perturbs but does not abolish endoderm development. In Drosophila, posterior endoderm invagination begins normally in its absence but the mid-and hindgut decay soon and the anterior gut fails to invaginate altogether. Interestingly, they are often expressed in a subpopulation of endodermal cells and their inactivation usually inhibits the development of parts of the gut. In sea urchin, FoxA expression marks the fore-and midgut, whereas in zebrafish it is expressed in all endoderm except hindgut precursors at late gastrulation . In mouse, neither Foxa1-nor Foxa3-inactivated mutants exhibit any early phenotype (Kaestner et al., 1998) . By contrast, Foxa2, which is expressed at the onset of gastrulation, is required for fore-and midgut formation (Ang et al., 1993; Dufort et al., 1998; Sasaki and Hogan, 1993; Weinstein et al., 1994) . In C. elegans, PHA-4/Foxa2 is expressed in all the gut tube, including the pharynx and rectum which are not of endodermal origin. It is required for pharynx and rectum formation but not in the endodermal midgut where its expression is lower (Azzaria et al., 1996; Horner et al., 1998; Mango et al., 1994) .
4.3.1.6. Forkhead targets are still poorly understood. FoxA targets have been studied comprehensively in C. elegans and sea urchin (Gaudet and Mango, 2002) . Beyond compiling a list of targets, Mango and co-authors have shown that the late targets have lower affinity binding sites and thus are only induced once the levels of FoxA reach a critical threshold. In sea urchin, there is only evidence for a repressor function of the gene: it represses FoxB, normally only expressed in the hindgut, and Bra, a blastopore gene (Davidson et al., 2002b) . Several studies have proposed that GATAs and FoxA together form a preinitiation complex that is required but not sufficient for endoderm gene transcription (Bossard and Zaret, 1998; Cirillo et al., 2002) .
4.3.1.7. Interactions between forkhead and GATA factors. In zebrafish, Gata5/fau is expressed before Foxa2, suggesting that it is upstream of this forkhead transcription factor, as described in sea urchin. The promoter of PHA-4, the C. elegans Foxa2 homolog, is bound and transactivated by two GATAs, ELT-1 and ELT-2 (Azzaria et al., 1996; Horner et al., 1998; Kalb et al., 1998; Mango et al., 1994) . In Drosophila, Serpent positively regulates Forkhead in the midgut, but negatively in the yolk, suggesting a dual role (Casanova, 1990; Weigel et al., 1989) . FoxA is also regulated by Otx and Tcf in sea urchin (Davidson et al., 2002b) . In Ciona, Foxa2 expression in endoderm depends on a 44 bp-sequence that contains overlapping T-box and Snail binding sites. Putative snail-binding sites prevent expression in lateral mesoderm regions. Mutations in the T-box site prevent expression in endoderm but not notochord (Di Gregorio et al., 2001) . Ci-VegT is a likely candidate to bind this element. However, Foxa2 has not yet been identified among Xenopus VegT targets (Taverner et al., 2005) . Furthermore, the presence of Smad2 binding elements in the Xenopus Foxa2 promoter raises the possibility that it is a direct nodal target (Howell and Hill, 1997) . Autoregulatory loops have been demonstrated in different species. In sea urchin, FoxA represses its own expression, which results in an oscillation due to counteracting positive inputs (Davidson et al., 2002b) . In Ciona, it is rather a positive autoregulation that appears to be direct (Di Gregorio et al., 2001 ).
Sox and Mix, vertebrate inventions?
In vertebrates, other key components of the network comprise Sox17, Mix, and several related genes (Fig. 5) . There is no correlation between the expression patterns of Drosophila High Mobility Group transcription factor Sox F and vertebrate Sox F group genes Sox 7/17/18 (Cremazy et al., 2001) and there is no gene of the SoxF family in C. elegans (Bowles et al., 2000) .
Establishment of the role of SoxFs in Xenopus and
zebrafish endoderm specification. Sox17 was first implicated in endoderm development in Xenopus (Hudson et al., 1997) . Overexpression together with mixer induces endoderm in animal caps. Conversely, when fused to the transcriptional repressor domain of engrailed, Sox17 prevents endoderm formation in embryo or vegetal pole explants. Although Mixer participates in Sox17 induction in Xenopus, there is no simple linear pathway. Instead, Mixer seems to stimulate an autoregulatory loop which also involves GATAs (Sinner et al., 2006) . Sox17 directly activates the endodermal genes HNF1b, Foxa1, Foxa2 and Endodermin in Xenopus, in part through synergistic interactions with b-catenin (Ahmed et al., 2004; Sinner et al., 2004) . Other endodermal genes are exclusively under transcriptional control by Mixer or require synergy between Mixer and Sox17 (Sinner et al., 2006) . In zebrafish, Sox17 is also expressed in endodermal progenitors before gastrulation, but appears to function further downstream in the network leading to endoderm induction. The early functions uncovered in Xenopus seem to be assumed by another protein of the same family encoded by casanova (cas) (Dickmeis et al., 2001; Kikuchi et al., 2001 ) Cas mutants completely lack sox17 expression . Cas mediates induction of sox17 by the Mix family protein Bonnieand-Clyde (Bon/Mixer) and Fau/Gata5 Reiter et al., 2001 ), which to this end also physically interact with the maternal T-box transcription factor Eomesodermin (Bjornson et al., 2005) . In zebrafish, Cas may control the switch between endoderm and mesoderm. Initially, it is expressed in the yolk syntitial layer (YSL) in a Nodal-independent manner, but later is induced in endoderm in response to Nodal (Aoki et al., 2002a,b; Sakaguchi et al., 2001) . When overexpressed, it converts mesoderm into endoderm, whereas in its absence, endoderm forms at the expense of mesoderm (Dickmeis et al., 2001) . In ectoderm, it only induces Sox17 without any further endoderm differentiation ).
Conservation of Sox17 function in amniotes.
In mouse, Sox17 is first expressed in visceral endoderm nearest to the ectoplacental cone at 6.0 dpc and progressively spreads to the entire extraembryonic VE. It is also expressed in definitive endoderm from 7.5 to 8.5 dpc (Kanai-Azuma et al., 2002) . Mid-and hindgut expression persists until 8.5 dpc, whereas foregut expression decreases by 8 dpc. In Sox17 knockout mice, definitive endoderm is depleted and visceral endoderm-like tissue replaces it in the most posterior and lateral regions. Anterior endoderm is generated, but posterior and lateral endoderm down from the midgut level are reduced and later fail to expand (Kanai-Azuma et al., 2002) . Sox17 mutant cells can contribute to some extent to the foregut but not mid-and hindgut.
By contrast, Foxa2-knockout cells can form hindgut but not fore-and midgut (Dufort et al., 1998) . Elevated levels of apoptosis in the foregut later lead to foregut reduction suggesting that Sox17 is also a maintenance factor for endoderm (Kanai-Azuma et al., 2002) . Sox7 and Sox17 may be redundant in extraembryonic visceral endoderm.
4.3.2.3. Members of the Mix family specify endomesoderm in frogs and zebrafish. The Mix family encodes homeodomain proteins initially described in Xenopus. Mixer is predominantly expressed at the endoderm/mesoderm boundary, an expression pattern similar to that of mix1 and Bix2/Milk (Ecochard et al., 1998; Henry and Melton, 1998; Lemaire et al., 1998) . Bix1-4 are expressed in endoderm and mesoderm throughout gastrulation (Casey et al., 1999; Tada et al., 1998) . Members of this gene family can induce either endoderm (Bix2/Milk, Mix3/Mixer and Bix4) or mesoderm. Mixer appears to induce endoderm specifically and control the balance between endoderm and mesoderm (Henry and Melton, 1998; Kofron et al., 2004b; Sinner et al., 2006) . Mix1 and Bix1/Mix4 induce endoderm at high levels and can repress mesodermal genes like Xbra whereas at low level, they induce mesoderm (Latinkic et al., 1997) (Henry and Melton, 1998; Latinkic and Smith, 1999; Lemaire et al., 1998; Tada et al., 1998) .
Conserved role of amniote Mix in endoderm induction.
Only one Mix gene has been found in chick, mouse and human (Peale et al., 1998; Pearce and Evans, 1999; Robb et al., 2000; Stein et al., 1998) . C-mix is likely to be expressed in mesendoderm precursors since it disappears from primitive streak and node when they lose the ability to generate endoderm (our unpublished observations). However, in the mouse, it is expressed around the node even at somitic stages. Mouse Mixl1 is first detected in the visceral endoderm and later in nascent primitive streak, but not in the node or definitive endoderm. Mice lacking Mixl1 have reduced endoderm. The anterior intestinal portal is rudimentary and no caudal intestinal portal ever forms. The mesendoderm marker Foxa2 is maintained and Sox17 and Cer-l remain expressed, showing that definitive endoderm forms. However, the amount of definitive endoderm is reduced and mid-hindgut lies at the level of the foregut. However, visceral endoderm is displaced normally to the periphery. Mixl1 mutant cells in chimeras contribute to all organs but the hindgut. Conversely, Mixl1 overexpression in frog injection assays can induce excess endoderm formation (Hart et al., 2002) .
Regulatory network upstream and downstream of
Mixs and SoxFs. In zebrafish, the gene whose mutation causes the bonnie and clyde (bon) phenotype is most similar to Xenopus Mixer (Kikuchi et al., 2000) . Mezzo is yet another zebrafish gene of the family whose homeobox is most similar to Mix1 and its loss-of-function phenotype is very similar to Bon. Bon and Mezzo are expressed in mesendoderm, are induced by Nodal signaling and able to induce Cas and Sox17 ). Sox17 expression is abolished when both Bon and Mezzo are rendered inactive (Poulain and Lepage, 2002) . Nodal expression is expanded in Mixl1 mutants suggesting that a feed back loop regulates NODAL. Mezzo also induces mesodermal markers like ntl (Poulain and Lepage, 2002) . SMAD2/4 dimers bind the activin-responsive element of the mix2 promoter (Howell et al., 1999) . Mixer, Bix2/Milk and Bix3 recruit SMAD2/4 to activin responsive elements of mesendodermal genes such as Gsc (Germain et al., 2000) .
Open questions
Taken together, it appears that there are elements of the endoderm induction pathway conserved in evolution dating back to Diploblasts (b-catenin), or at least Triploblasts (Gata and FoxA) but that new important elements of control are found in vertebrates. While the Nodal signal and its interaction with the Wnt pathway has predated a role endoderm formation it is unclear how the role of Mix and SoxF families emerged.
Another pathway of interest is the Notch/Delta pathway which is important in sea urchin to define the endodermectoderm boundary and for the subdivision of mesendoderm into mesoderm and endoderm (Davidson et al., 2002b; Peterson and McClay, 2005; Sherwood and McClay, 1997; McClay, 1999, 2001 ). In addition, activation of Notch before gastrulation leads to a reduction of endodermal cells in zebrafish and Xenopus (Contakos et al., 2005; Kikuchi et al., 2004) . Although, timed controlled activation of Delta/Notch signaling during Xenopus gastrulation increases endoderm at the expense of mesoderm. Conversely, suppression of Notch activity has the opposite effect, promoting mesoderm at the expense of endoderm formation (Contakos et al., 2005) . In Drosophila, it has an apparently different role. Notch is required in endoderm to maintain an epithelial sheet at the beginning of gastrulation and to re-epithelialize after ingression (Hartenstein et al., 1992) . In spite of these interesting observations, the Notch pathway does not seem to play a role in germ layer induction in mice as investigated after abrogation of maternal and zygotic RBPJ-k, the transcription factor acting downstream of the Notch pathway, or inactivation of the o-fucosyl transferase Pofut1, an enzyme that modifies Notch receptors and is required for their signalling activity (Shi et al., 2005; Souilhol et al., 2006) . It is difficult at the moment to know whether these are true evolutionary divergences.
Differentiation of extraembryonic endoderm lineages

Primitive endoderm (PrE)
The molecular mechanisms regulating the differentiation of extraembryonic endoderm lineages have been studied primarily in the mouse and in murine cell lines and it is difficult to know in most cases whether these observations will be relevant in vivo. Before the segregation of epiblast and PrE, the ICM is a mosaic of cells expressing markers of one or the other lineage Kurimoto et al., 2006) . The master gene regulating cell fate in the mouse blastocyst encodes a POU domain transcription factor termed Pou5f1 (Oct3/4). In the absence of Pou5f1, both PrE and the ICM fail to form, and instead differentiate into TE (Nichols et al., 1998) . Likewise, in embryonic stem (ES) cell lines, Pou5f1 is required to maintain pluripotency and to prevent differentiation into TE cells (Niwa et al., 2000) . On the other hand, using an inducible Pou5f1 transgene, Niwa and colleagues showed that a less than twofold increase in the expression level of Pou5f1 in ES cells is sufficient to induce markers of PrE and mesoderm differentiation (Niwa et al., 2000) . Peak levels of Pou5f1 expression thus are likely to also specify PrE in the blastocyst. In normal ES cell cultures, differentiation is inhibited owing to the presence of LIF. However, if ES cells are aggregated to form embryoid bodies (EB), LIF can no longer prevent PrE differentiation on the surface of these aggregates (Murray and Edgar, 2001; Shen and Leder, 1992) . Thus, it appears that Pou5f1 is up-regulated due to a community effect, once aggregates of ES cells reach a critical size. Pou5f1-knockout mouse embryos are embryonic lethal but Zebrafish MZ-Spg/Pou2/0ct4 mutants lack endodermal markers such as Cas/Sox32 and Sox17 although ectodermal and mesodermal tissue do form. Cell transplantation and mRNA injection experiments show that Spg is required cell autonomously in mesendoderm progenitors for Nodal and Cas/Sox32 to induce Sox17 (Lunde et al., 2004; Reim et al., 2004) .
Communication between ICM cells is needed to segregate PrE from epiblast. Mice lacking either Fgf4 or Fgf receptor2 (Fgfr2) do not form PrE (Arman et al., 1998; Feldman et al., 1995; Wilder et al., 1997) . Likewise Grb2, an SH2/SH3 containing adaptor protein mediating RTKactivation of the Ras-MAPK cascade is required to form PrE in mice Cheng et al., 1998) . In embryoid bodies, forced expression of a dominant-negative form of the Fgf receptor prevents formation of PrE, and overexpression of Gata6 and Gata4 rescues this phenotype (Li et al., 2001 (Li et al., , 2004 . This suggests that Gata factors control PrE formation downstream of Fgf signaling, although single knockouts for these genes do not elicit such early phenotypes, most likely due to redundancy (Koutsourakis et al., 1999; Morrisey et al., 1998) . Several pieces of evidence suggest that Gatas control the sorting of PrE and epiblast cells (reviewed in .
Parietal endoderm (PE)
How PrE cells choose between PE and VE fates is poorly understood. Clonal analysis of cells from genetically marked E3.5 and E6.5-7.5 donor embryos revealed that PrE and VE both give rise to PE when transplanted into host blastocysts (Gardner, 1982) . This suggests that PrE descendants adopt PE fate because of environmental cues, rather than owing to a lack of competence to express the characteristics of VE. Terminally differentiated PE cells have been derived ex vivo from ES cells upon forced expression of GATA4 or GATA6 (Fujikura et al., 2002) . Although, the signals governing the differentiation of extraembryonic endoderm have been studied best in F9 cells. Upon treatment with retinoic acid, this embryonal carcinoma cell line differentiates to become PrE and VE (Strickland and Mahdavi, 1978; Strickland et al., 1980) RA induces the signaling molecules Bmp2 (Heller et al., 1999) and Ihh (Becker et al., 1997) . While Ihh has been proposed to mediate at least some of the effects of RA (Becker et al., 1997) , neither PE nor VE formation is abolished in Ihh-/-embryos (St-Jacques et al., 1999) , arguing that PrE cells differentiate independently of Ihh. Recent evidence suggest that the transcription factor Sox7 is needed downstream of RA for the induction of GATA4 and GATA6, and subsequent parietal endoderm differentiation (Futaki et al., 2004) . RA also induces a sustained increase in Ras activity. A mutant form of this small GTPase which constitutively activates the Raf-MEK-Erk cascade is sufficient to trigger PrE differentiation in the absence of RA. Thus, the effect of RA on F9 cells appears to be mediated by activated Ras (Verheijen et al., 1999) . Upon addition of cAMP-elevating agents, PrE cells undergo an epithelial to mesenchymal transition (EMT) and adopt a PE-like phenotype (Strickland et al., 1980) . Cyclic AMP mediates the effect of parathyroid hormone-related peptide (PTHrP) (Chan et al., 1990) , a signaling molecule which is expressed in trophoblast cells and in the deciduum immediately adjacent to the implantation site (Karperien et al., 1996) . Like cAMP, PTHrP triggers EMT. This has been attributed to the induction of the transcription factor Snail, which represses expression of E-cadherin (Veltmaat et al., 2000) . Subsequent PE migration in addition depends on surface expression of specific integrins, and on the basal lamina of trophectoderm cells deposited in Reichert's membrane (Behrendtsen et al., 1995; Smyth et al., 1999) .
Visceral endoderm (VE)
Differentiation and survival of VE depends on a number of transcription factors, including the orphan nuclear receptor HNF4 Duncan et al., 1997) . HNF4 is expressed in PrE as early as day E4.5, but after E5.25 becomes restricted to the visceral yolk sac endoderm Mesnard et al., 2006) . Signals upstream of HNF4 include BMP2/4 (Coucouvanis and Martin, 1999) , and the activin receptor Alk2 (Sirard et al., 1998) which is essential in extraembryonic lineages (Gu et al., 1999) . Also the homeodomain protein HNF1b and GATA6 are required to induce HNF4 expression in the VE (Barbacci et al., 1999; Coffinier et al., 1999; Morrisey et al., 1998) , suggesting that both of these transcription factors may act within or in parallel to the BMP pathway. HNF1b (Tcf2) also stimulates expression of HNF1a (Tcf1) and Foxa2 (Barbacci et al., 1999) . GATA6 is responsible for activating expression of GATA4 (Morrisey et al., 1998) , which in turn acts in the VE lineage to enable ventral closure of the primitive gut tube (Molkentin et al., 1997; Narita et al., 1997) . Together, these observations indicate that differentiation of the VE lineage is brought about by the concerted action of a cascade of transcription factors which later also regulate gene expression in the definitive endoderm and its various derivatives.
The rules as to how specific combinations of these and other transcription factors might pattern the VE remain poorly understood. Initially, VE cells form a columnar epithelium which is subsequently patterned along the proximal distal axis of the conceptus by inductive interactions with adjacent ectodermal cells (Brennan et al., 2001; Dziadek and Adamson, 1978; Gardner, 1982) . Thus, expression of HNF1b and Ttr (Transthyretin) is confined to the extraembryonic region, whereas VE cells overlying the egg cylinder express a-fetoprotein (Dziadek, 1978) and Ihh (Belaoussoff et al., 1998; Becker et al., 1997) and adopt a squamous morphology. Recent experiments have shown that Nodal is expressed in the PrE. Nodal signaling is essential to downregulate a subset of PrE markers and thus induce embryonic visceral endoderm . In the embryonic region, patterning of the VE further becomes evident with the expression of Wnt3 in the proximal-posterior region. By contrast, cells differentiating at the distal tip express elevated levels of Otx2, and in response move to the prospective anterior pole to become anterior visceral endoderm (AVE) (Kimura et al., 2000) . The specific gene expression pattern of the distal tip is restricted by signalling from the extraembryonic ectoderm as well as nodal signalling Rodriguez et al., 2005) . The AVE also expresses a number of other specific markers, including Lefty-1 (Ebaf) and Cerberuslike. These secreted proteins function redundantly as negative feedback inhibitors in the Nodal pathway and thereby confine primitive streak formation to the posterior epiblast (Perea-Gomez et al., 2002) . In chick and frogs, an analogous function has been attributed to the hypoblast and to deep, subblastoporal endoderm (also known as endodermal wedge), respectively (Bertocchini and Stern, 2002; Bouwmeester et al., 1996; Jones et al., 1999) (Fig. 1) . Together, these observations suggest that in all vertebrates, distinct subpopulations of extraembryonic endoderm provide positional cues to pattern adjacent embryonic tissues.
Cell movements
In many embryos, such as those of sea urchins and amphibians, the early embryonic cleavages generate a cluster of cells, the blastula, and a central cavity, the blastocoel. Surface cells are internalized and enter the blastocoel either individually (ingression) or as a layer (invagination and involution). In other species, gastrulation occurs without formation of a blastocoel. In ctenophores, for example, ectodermal cells spread over and thus internalize endodermal cells (epiboly) (Martindale and Henry, 1999) .
Gastrulation in embryos like Drosophila initially involves sheets of cells that invaginate to form furrows and pockets (Leptin, 1999) . Adherens junctions link the surface cells of embryos throughout gastrulation (Oda et al., 1998; Tepass and Hartenstein, 1994) . A few minutes after the ventral furrow that gives rise to mesoderm has begun to invaginate, a similar series of cell-shape changes begins to occur in the posterior endoderm primordium. The cells constrict at their apical ends and become wedge shaped, and eventually invaginate, while at the same time the posterior end of the embryo is pushed dorsally by independent ectodermal cell movements (Figs. 2) . The endoderm will later disperse into individual cells. These cells then use the mesodermal cell layer as substratum for migration towards the middle of the embryo, where they will meet up with the cells of the anterior endoderm to form the continuous endodermal cell layer that will become the midgut epithelium (Hartenstein et al., 1992; Reuter et al., 1993; Tepass and Hartenstein, 1994; Tepass and Hartenstein, 1995) . Zygotic gene activity is required for gastrulation (Zusman and Wieschaus, 1985) . Posterior endoderm gastrulates from Snail negative areas and the terminal gene Hkb is responsible for snail repression (Reuter and Leptin, 1994) . Anteriorly, endoderm gastrulation requires Snail, like the rest of the ventral furrow. Although Hkb is also expressed anteriorly, Bicoid prevents it from repressing Snail (Reuter and Leptin, 1994) . Initial invagination of posterior endoderm and mesoderm require the maternal heterotrimeric G subunit Concertina (Parks and Wieschaus, 1991) and Rho-GTPase (Barrett et al., 1997; Hacker and Perrimon, 1998) .
In C. elegans embryos there are no adherens junctions before the end of gastrulation (Costa et al., 1998) . This may facilitate ingression by small groups of cells. Lee and Goldstein (2003) recently found that the process of endoderm cell gastrulation in C. elegans depends on microfilament and myosin but not microtubules. It does not require anchorage on the eggshell. Ingressing cells in C. elegans embryos show an apical flattening and an apical accumulation of non-muscle myosin. Apical flattening could promote ingression by redistributing cytoplasm toward the basal region of an ingressing cell, and create space at the surface of the embryo for neighboring cells to redistribute their cytoplasm laterally (Fig. 2) (Nance and Priess, 2002) . The two E cells invaginate together. A likely possibility is that the midbody linkage between sister cells prevents either sister from ingressing alone (Krieg et al., 1978) (Nance and Priess, 2002) . As in Drosophila, gastrulation requires gene transcription (Powell-Coffman et al., 1996) .
In sea urchin, isolated vegetal plates invaginate autonomously (Ettensohn, 1999; Wessel and Wikramanayake, 1999) . A few mesodermal cells surrounding the micromeres (Fig. 2 ) located at the center or the vegetal plate become bottle-shaped (Kimberly and Hardin, 1998; Nakajima and Burke, 1996) . They constitute the moving force at the tip of the archenteron and are followed by endoderm cells with which they invaginate as a sheet of cells. There is no cell mixing, and adherens and septate junctions are maintained throughout the process (Burke et al., 1991) . Cell rearrangements initiated after partial internalization of the archenteron lead to further dorsal extension of the gut tube (Ettensohn, 1985) . This requires the extension of filopodia that provide traction forces of the ectoderm.
In Xenopus, endoderm invagination at the time of gastrulation has been described thoroughly by Nieuwkoop (1997) and Keller (1975 Keller ( , 1976 . The first author showed that the endodermal lining of the gut is invaginated as a continuous layer superficial to the mesoderm throughout gastrulation. Suprablastoporal and subblastoporal cells that contribute to dorsal and ventral aspects of the gut respectively invaginate at the same time (Fig. 3) . The rate of convergence and extension is higher in the suprablastoporal area that extends anteriorly in the blastocoel cavity forming the archenteron roof. This phenomenon requires Bra and one of its target genes, Wnt11, in zebrafish and Xenopus (Heisenberg et al., 2000; Tada and Smith, 2000) . Evidence from Xenopus and Drosophila suggests that Wnt11 may be upstream of RhoA/Rac and eventually Ecadherin and the cytoskeleton (Boutros et al., 1998; Burdsal et al., 1993; Djiane et al., 2000; Takeichi et al., 2000) . The movement of the subblastoporal lip is not passive but initiates gastrulation by crawling on the blastocoel roof (Ibrahim and Winklbauer, 2001; Winklbauer and Schurfeld, 1999) . Internalized cells spread on the blastocoel roof but are prevented from fusing to the adjacent layer (Wacker et al., 2000) . As a consequence of epiboly, the blastopore simultaneously moves ventrally over the yolk plug to close about 20°ventral to its original center.
In zebrafish, Mzoep mutations inactivate Cripto maternally and therefore preclude endoderm formation. During endoderm gastrulation (Fig. 3) , although cells are internalized as a group, introduction of normal cells in a Mzoep background show that single cells can move autonomously. The converse experiment shows that MZoep-/-cells can be internalized following the movement of wild type neighbors (Carmany-Rampey and Schier, 2001 ). Avian and mammalian mesoderm and endoderm progenitor cells first move within the primitive ectoderm to form a streak-shaped anlage, the so-termed primitive streak where they ingress to disperse between endoderm and epiblast or to incorporate into the pre-existing primitive endodermal layer (hypoblast in chick, visceral endoderm in mouse) (Fig. 4) (Lawson et al., 1986; Poelmann, 1981; Tam et al., 1993) . Their movement is accompanied by epithelial-mesenchymal transition and requires Snail or the related gene Slug that repress E-cadherin (Thisse et al., 1995) . Definitive endoderm cells in chick seeded on primitive endoderm/hypoblast reproduce their in vivo behavior and insert within this layer (Sanders et al., 1978) . These cells make their way through breakdown of intercellular junctions and by filling the gaps left by dead cells. Definitive endoderm cells insert massively in the recipient layer, but there is a certain extent of intermingling in both mouse and chick (Sanders et al., 1978; Stern, 1990) . In mouse, breakdown of coherent clonal growth accompanies epithelialization of the epiblast and is essentially complete by the onset of gastrulation (Gardner and Cockroft, 1998) . Such intermingling is not observed in the visceral endoderm. The cells then form junctional complexes with primitive endoderm cells and re-establish epithelial continuity, eventually displacing the visceral endoderm to the extraembryonic region. The relative contribution of active cell migration, versus passive movement due to cell proliferation is unknown. The definitive endoderm expands by new intercalation (Tam and Beddington, 1992) and increased proliferation (Lawson et al., 1986) . By the late-streak stage, the extraembryonic endoderm remains only in the posterior region (Azar and Eyal-Giladi, 1983; Lawson et al., 1986) . These cells may play a role in maintaining the activity of the primitive streak. They indeed derive from a population of cells that remain segregated and may be traced back to the ICM (Gardner and Cockroft, 1998; Tam et al., 2001) . It has been postulated that a proliferation center may be a driving force for cell movement during gastrulation, but there is no agreement between studies using different techniques (Poelmann, 1980) .
In the mouse, it is thought that endoderm and mesoderm cells exiting early from the streak migrate together laterally and anteriorly away from the streak, and therefore simultaneously ingressing cells remain juxtaposed later on (Stern, 1979; Tam and Behringer, 1997; Tam et al., 1993 Tam et al., , 2001 . Mesodermal cells juxtaposed to the endoderm are more packed and closely associated with basal lamina that they may use to migrate with the endodermal sheet (Poelmann, 1981; Spiegelman and Bennett, 1974; Tam and Meier, 1982) .
Coupling between differentiation and movement
In principle, gastrulation movements could serve to alter the position a subset of unspecified cells inside the embryo, so that subsequent events can specify the endodermal and mesodermal fates. Instead, C. elegans and many other animals appear to specify the fates of endodermal and mesodermal progenitors when these progenitors are still on the surface. The gastrulation movements of endodermal cells may thus be a consequence of their fate specification. Indeed, in mex-1 mutants ectopic mesodermal MS cells differentiate and ingress at the same time as endogenous MS cells (Mello et al., 1992) . In favor of this view in a mosaic environment in zebrafish, sub-populations of animal pole cells forced to express Sox17 either migrate towards the endodermal layer or die, suggesting that if the cell does not move appropriately, there is a feedback check on its differentiation status (Clements and Woodland, 2000) . These cells may use atypical migration routes to get inserted in the proper layer. In agreement, David and Rosa (David and Rosa, 2001) showed that single cells do not need to pass through the germ ring to become endoderm once they have activated the Nodal pathway. Likewise, single wild-type cells transplanted to the margin of MZoep mutant embryos autonomously internalize and can express the mesendodermal markers axial/foxa2 and sox17 (Carmany-Rampey and ). However, proper differentiation is not mandatory for ingression. MZoep mutant single cell transplants in the context of a wild-type host internalize, but eventually fail to become mesendoderm (Carmany-Rampey and Schier, 2001 ). The movement of surrounding cells is thus sufficient for ingression but not absolutely required. Another example shows that in a non-mosaic environment, when Drosophila twist is inactivated gastrulation occurs, but mesoderm does not differentiate (Ip et al., 1994; Leptin, 1995) Brachyury appears to be a crucial gene for gastrulation movements. Although its role in notochord and later more broadly in mesoderm formation is well known in amniotes, its most ancestral role concerns blastopore and hindgut morphogenesis regardless of germ layers (Arendt et al., 2001; Technau, 2001) . In Drosophila, Brachyenteron is involved in hindgut development of ectodermal origin (Singer et al., 1996) . Bra may constitute a link between migration and differentiation. In sea urchin Bra is expressed in endoderm precursors and induces late endoderm genes and indirectly mesoderm genes in adjacent cells (Rast et al., 2002) . It is also endodermal in Diploblasts (Technau, 2001 ). Its expression is transient and repressed by FoxA, a gene whose homologs are also known to have a spatial restriction in vertebrates (Davidson et al., 2002b) . Interestingly, Wnts are coexpressed with Bra in Hydra, and also in Amphioxus are produced at the blastoporal lip. Furthermore, studies in the mouse suggest that Wnt3 directly induces Bra (Yamaguchi et al., 1999) , and thereby mediates induction of mesoderm by Nodal (Ben-Haim et al., 2006) .
As discussed above, in some species, commitment to endoderm occurs during migration. The cells therefore must be exposed to signalling centers during their migration. In zebrafish, cells fated to become endoderm during their movement are exposed to signals from the YSL. Likewise in chick, endoderm progenitors in Koller's sickle undergoing their characteristic 'Polonaise movement' are thought to become specified as they receive signals from the posterior marginal zone which activate the Nodal signaling pathway, including Wnt ligands (Skromne and Stern, 2001) . At a later stage, mesoderm and endoderm in passing may receive instructive patterning signals from the node Pagan-Westphal and Tabin, 1998) . By sensing their position relative to a more or less stationary signaling center, moving cells thus might coordinate their differentiation. This does by no means imply that signaling centers are necessarily static in terms of their cellular composition. Indeed in chick, labeling of individual living cells in the periphery of Hensen's node revealed that they can even repeatedly enter and exit this organizer region and apparently change their gene expression profile accordingly (Joubin and Stern, 1999) although, the same is less likely to happen in the mouse since experiments using the Cre/lox system to irreversibly mark node cells by genetic activation of lacZ expression reveal that cells derived from the node are found exclusively in the notochord .
Patterning during and shortly after gastrulation
In C. elegans and Drosophila, the cells forming different areas of the gut are segregated early. In C. elegans, the E cell divides along the antero-posterior (A-P) axis to give rise to Ea and Ep (Fig. 2) . Ea eventually gives rise to anterior gut derivatives and Ep to the posterior gut, suggesting that A-P patterning occurs prior to gastrulation. This pattern is intrinsic to the cells since ablation of Ea or Ep ablates anterior or posterior gut, respectively (Schroeder and McGhee, 1998) . All but one division in the E lineage occur along the antero-posterior axis. These divisions are asymmetric such that only the posterior cell exposed to higher levels of Wnt ligand inherits the Tcf-related protein POP-1 (Lin et al., 1998) . In Drosophila, anterior and posterior parts of the midgut originate from different primordia (Fig. 2) . In sea urchin, veg2 cells contribute to the archenteron tip, and veg1 cells to its basis (Logan and McClay, 1997) and accordingly gastrulate only at the mid to late gastrula stage (Fig. 2) . Nevertheless, veg1 and veg2 descendants give rise to overlapping subsets of endodermal cell types (Logan and McClay, 1997) .
In contrast to these two invertebrate species, cells become restricted to contribute to specific parts of the gut relatively late in vertebrates. Lineage tracing experiments in Xenopus revealed that certain blastomeres (B3, B4, C4 and D4) contribute specifically to the hindgut as early as the 32-blastomere stage (Moody, 1987) . Unfortunately, the dies do not persist long enough to analyze progeny after all organs have formed. Just before gastrulation, cells fated to form the dorsal and ventral aspects of the gut tube are in distinct locations: suprablastopore lip cells form the archenteron roof and subblastopore cells contribute to the floor (Keller, 1975 (Keller, , 1976 . Cells located more laterally contribute to more posterior tissues and gastrulate later. In a 1000-4000 cell zebrafish embryo, pharynx and esophagus cells are closer to the dorsal side of the embryo and involute first, whereas stomach and intestinal cells are more lateral and involute later but there is generally a great overlap between domains (Warga and Nusslein-Volhard, 1999) .
In chick and mouse, the position of endoderm progenitors along the primitive streak from anterior to posterior reflects their later antero-posterior and medio-lateral position, as summarized in Fig. 6 (Lawson et al., 1986; Tam et al., 2004; Kimura et al., 2006; Tam et al., 2007) . Fate mapping and gene expression analysis also indicate that endoderm populations exit the streak at different times and express different genes: Hex-positive cells (Hematopoietically expressed homeobox) are found in the foregut by midstreak stages, and FoxA2 (Forkhead) expressing cells form the dorsal foregut, midgut and eventually the hindgut Dufort et al., 1998; Kimura et al., 2006; Tam et al., 2007; Thomas et al., 1998) . In zebrafish, Foxa2 is expressed in anterior but not posterior cells at gastrulation . In addition to this early regional gene expression, functional antero-posterior asymmetry of the endoderm at the same stages is demonstrated by the specific ability of the anterior endoderm of the chick to induce heart differentiation in the mesoderm. However, at this early stage association of the anterior endoderm half with posterior mesoderm can still induce posterior genes in endoderm and vice versa (Wells and Melton, 2000) , suggesting that A-P patterning of the endoderm is not yet determined.
The molecular mechanisms responsible for early patterning along the antero-posterior and medio-lateral axes in endoderm are currently being addressed. Retinoic acid, a well known regulator of antero-posterior patterning in ectoderm, was recently shown to control antero-posterior patterning in endoderm at the time of gastrulation Martin et al., 2005; Molotkov et al., 2005; Stafford et al., 2004; Stafford and Prince, 2002; Stafford et al., 2006) . It also controls A-P patterning of endoderm in Amphioxus (Escriva et al., 2002; Schubert et al., 2005) and mouse (Huang et al., , 2002 . Also Fgf4 has been shown to control early and late endoderm antero-posterior patterning in mouse and chick, which is reminiscent of its role in ectoderm (Dessimoz et al., 2006; Wells and Melton, 2000) . Although these pathways appear to pattern endoderm at least in part through direct signaling to this layer, more work is needed to elucidate how they cooperate. Both in Drosophila and vertebrates, regional prepatterning is progressively refined by signaling between endoderm and mesoderm after gastrulation (Bienz, 1997; Grapin-Botton, 2005) .
Conclusion
Although the molecular pathways involved in initially inducing endoderm are apparently divergent between invertebrates and vertebrates, several key transcription factors (Forkheads and Gatas) as well as a widespread role of b-catenin have been conserved. Although conserved in diploblasts and C. elegans, it is not found in Drosophila which may have developed different systems. It is difficult at this point to decipher whether the apparent species differences in endoderm differentiation are due to true divergence or to gaps in our knowledge. Investigation of bridging species may be informative. For instance other invertebrates may help clarify the role of b-catenin and more work on rabbit may help understand better human endoderm formation. Work with human ES cells nevertheless suggests a large molecular conservation of endoderm specification between mouse and human.
Diseases that affect endodermal organs may benefit from the development of cell-replacement therapies based on stem cells. Unless adult endodermal stem cells are targeted, a major challenge consisted in directing ES cells towards the endodermal lineage. ES cells spontaneously form endoderm, including definitive endoderm, but in a small proportion (Itskovitz-Eldor et al., 2000) . Forced expression of GATA4 and 6 induce cells to form extraembryonic endoderm (Fujikura et al., 2002) . Based on the understanding of how endoderm is made during development, definitive endoderm has been recently efficiently and reproducibly generated from ES cells. The first strategy consists in using activin to mimic Nodal (D'Amour et al., 2005) . Activin induces a transient phase of expression of mesendodermal genes such as goosecoid and then efficiently make endoderm (Kubo et al., 2004; Tada et al., 2005) . Definitive endoderm can be further purified using Cxcr4 antibody (D'Amour et al., 2005; Yasunaga et al., 2005) . Efficient terminal differentiation of these progenitors into specific endoderm derivatives is now emerging based on the knowledge of endoderm patterning pathways (D'Amour et al., 2006) .
